Abstract: Weak protein-protein interactions may be important to binding cooperativity. A panel of seven fluorescently labeled tracer monoclonal IgG antibodies, differing in variable (V) and constant (C) region sequences, were sedimented in increasing concentrations of unlabeled IgGs of identical, similar, and different backgrounds. Weak IgG::IgG attractive interactions were detected and characterized by global analysis of the hydrodynamic nonideality coefficient, k s . The effects of salt concentration and temperature on k s suggest the interactions are predominantly enthalpic in origin. The interactions were found to be variable in strength, affected by both the variable and constant regions, but indiscriminate with respect to IgG subclass. Furthermore, weak attractive interactions were observed for all the mAbs with freshly purified human poly-IgG. The universality of the weak interactions suggest that they may contribute to effector function cooperativity in the normal immune response, and we postulate that the generality of the interactions allows for a broader range of epitope spacing for complement activation. These studies demonstrate the utility of analytical ultracentrifuge fluorescence detection in measuring weak protein-protein interactions. It also shows the strength of global analysis of sedimentation velocity data by SEDANAL to extract hydrodynamic nonideality k s to characterize weak macromolecular interactions.
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Introduction
Detecting and characterizing intermolecular interactions in high concentration solutions is important for understanding physiological system behavior, as well as being critical for optimizing drug development processes. [1] [2] [3] Significant contributors to intermolecular interaction energies at high concentrations include electrostatics, hydrogen bonding, hydrophobic surfaces, van der Waals attraction and repulsion. 4, 5 These interactions are nonspecific and arise from the global properties of the macromolecule such as net charge, dipole or multipole moments, polarity of surface residues, and macromolecular shape. 6, 7 The interactions can be either repulsive (steric, electrostatic) or attractive (electrostatic, hydrophobic). All of them are short-ranged (typically, <1 nm), with each type of interaction exhibiting its own distance dependence, 5, 7 and all are system properties dependent on buffer composition and temperature. 8, 9 At high concentrations, when the macromolecules are close to each other, these interactions are manifested in thermodynamic nonideality, solubility, and viscosity. In a practical sense, "high concentration" refers to any concentration where dilute solution approximations no longer describe the experimental data adequately. Studies of nonideal behaviors of macromolecules in concentrated solutions have been a challenge because it is difficult to pinpoint the contributions from each type of interaction to the overall behaviors of the system. In the biopharmaceutical industry, high-dose monoclonal antibody (mAb) therapies require highconcentration formulations (>100 mg/mL) to achieve a sufficiently small injection volume (<1.5 mL) for subcutaneous administration. 10 The development of concentrated mAb formulations presents several challenges to analytical characterization due to nonideal behavior, as well as to manufacturing and delivery due to high viscosity, and long-term stability due to self-association and aggregation. [10] [11] [12] Within the lifespan of a therapeutic mAb, not only does it experience challenges during drug development, it encounters additional challenges upon administration due to exposure to different sets of system variables. For example, after injection the macromolecular complexity of the system increases dramatically from being a single component in the syringe to encountering the variety of high concentration macromolecular species found in blood. 13, 14 Likewise, for any injection, the nature and variety of the surfaces encountered changes dramatically from container surfaces to cell surfaces. Describing the behavior of a molecule undergoing these changes require new models and methods for testing those models. Molecular crowding models, in which an "effective excluded volume" is used to account for the interactions between molecules, are inadequate for complex solutions. The problem is that the effective excluded volume will depend on the electrostatic features of the adjacent molecules, with repulsion between molecules increasing the effective volume and attraction decreasing it. 5, 7 In such mixtures there is no single effective excluded volume. Furthermore, it is not yet clear that an average effective volume can be determined, or if it would be a useful value if it could be determined. Therefore, new means to investigate protein behavior in both homogeneous and heterogeneous, high-concentration, nonideal solutions are required. Having these abilities is not only essential for the development of stable, high-concentration formulations, but they also will contribute understanding of interactions in the very biological systems where mAbs exert their therapeutic effects. To advance our understanding of intermolecular interactions in IgGs, a series of tracer sedimentation velocity experiments were conducted at serum IgG concentrations. Pairwise interactions were characterized between IgGs differing in subclass and epitope specificity. To carry out these experiments, a panel of seven fluorescently labeled tracer IgGs, differing in variable (V) and constant (C) region sequences, were sedimented in increasing concentrations of unlabeled IgGs of identical, similar, and different backgrounds. In the concentrated solution environment, hydrodynamic nonideality arises due to the displacement of solvent by the sedimenting macromolecule, resulting in a "backflow" that impedes the sedimentation of the macromolecule. This backflow is impacted by excluded volume and charge effects, and it increases with the total concentration of macromolecules. 16, 17 Determination of the concentration dependence of sedimentation yields a set of hydrodynamic nonideality coefficients (k s ), each of which describes the extent of nonideality for a pairwise interaction. To gain further insight into the nature of the pairwise interactions, some k s values were determined at different salt concentrations and temperature. SEDANAL was used to extract self-, k s,ii , and cross-, k s,ij (i 6 ¼ j) , hydrodynamic nonideality terms by global analysis of sedimentation velocity data. We will discuss how these pairwise terms may be used to compare the strength of intermolecular interactions among the mAb IgG subclasses. Additional studies were conducted to estimate k s in solutions of purified human poly-IgGs. By performing quantitative hydrodynamic analysis of therapeutic mAbs in complex, crowded environments, we seek to clarify the effects of nonideality on weak interactions between IgG molecules, and propose a model to explain the associative interactions under nonideal high concentration conditions.
Theory

Fluorescence detected sedimentation
Sedimentation velocity analytical ultracentrifugation, SV-AUC, is a mass transport method that provides first principle thermodynamic and hydrodynamic properties of the macromolecule based on rates of sedimentation and boundary spreading in a centrifugal field. [18] [19] [20] The discrimination provided by the fluorescence detection systems (FDS) allows the sedimentation behavior of a trace quantity of a labeled molecule to be determine in complex, concentrated solutions such as serum. [21] [22] [23] [24] The current work uses FDS to monitor the sedimentation of specific fluorescently labeled IgG molecules under physiologically relevant IgG concentrations, salt concentration, and pH conditions.
Analysis of nonideal sedimentation velocity
The analysis of SV data in solutions of high macromolecular concentration requires consideration of both hydrodynamic and thermodynamic nonideality. 25, 26 Hydrodynamic nonideality slows and sharpens a sedimenting boundary in a concentration-dependent manner, and largely arises from the solvent backflow needed to replace the space occupied by the sedimenting macromolecules. Several factors affect the backflow, including the shape of the macromolecule and its interaction with other species (both small-and macromolecules) in the solution. 27 All ion flows are complicated by the need to maintain solution electroneutrality over short (<1 nm) distances. This complication is mitigated by using a high concentration of highly mobile solvent ions (>50 3 10 23 M) to compensate for the macro-ion sedimentation (<2 3 10 23 N). Nonetheless, all species flows are coupled, complicating the analysis and interpretation of sedimentation in complex, concentrated solutions, and necessitating the use of simplifying assumptions. One of these assumptions is that the solvent may be treated as a single thermodynamic component that maintains solution electroneutrality throughout the sedimentation process. In the context of AUC, treatment of the solvent as a single component implies that any concentration adjustment of a solvent component needed to maintain its constant chemical potential across a sedimenting boundary will not impact the experimental data.
In the experiments reported here, the concentration adjustments are small relative to the total component concentrations. With this assumption, only the coupling of flows between macromolecules needs to be considered. By far, the greatest contribution to the coupled flow is macromolecular size and concentration. Simply put, the greater the volume of sedimenting macromolecules, the more solvent must flow to replace the sedimenting macromolecule. The force generated by the solvent backflow is added to the force due to gradient of the centrifugal potential (i.e., the driving force for sedimentation) and the force created by the gradient of the chemical potential (i.e., the driving force for diffusional transport). [27] [28] [29] Because the extent of solvent backflow is proportional to the macromolecular concentration, the backflow increases across a sedimenting boundary. The result is that molecules ahead of the boundary move more slowly than those behind the boundary, which leads to a decrease in the sedimentation coefficient (s), as well as a decrease in boundary spreading. It is important to note that in high-concentration systems, s is not a constant, but varies with radial position (due to boundaries) and time (due to radial dilution).
For a two-component system (macromolecular plus solvent) hydrodynamic nonideality is accounted for by the concentration dependence of the frictional coefficient:
where f 0 is the frictional coefficient at infinite dilution. Thermodynamic nonideality is driven by the concentration dependence of the activity coefficient, g:
Nonideality from both sources is incorporated into the concentration dependence of the sedimentation coefficient, s(c), and the concentration dependence of the diffusion coefficient, D(c), expressed as:
where s 0 and D 0 are the values of s and D at infinite dilution, respectively. It should be noted that, according to Eq. (3), the sedimentation coefficient, revealed by the position of a boundary in the cell, is independent of thermodynamic nonideality. This is not to say that k s is independent of thermodynamic considerations, but that k s is manifested in the boundary position. It is the shape of the boundary, where diffusion is evident, that reveals both thermodynamic and hydrodynamic nonideality. It is noteworthy, too, that both sedimentation and diffusional transport processes experience backflow proportional to the hydrodynamic volume of the macromolecules being transported, regardless of differences in the type of force driving the transport of the macromolecule. It has been established that at infinite dilution, the frictional coefficients for sedimentation and diffusion are equal, and that expressing the concentration dependence as 11k s c ð Þapplies over a wider concentration range than alternative approximations. 30 Stafford showed recently that 11k s c ð Þ should be used in both equations. 15 Therefore, any difference in the concentration dependence of s and D arises solely from the thermodynamic nonideality term. 31 For a two component system, the concentration dependence of the activity coefficient is represented by a power series (i.e., virial expansion) that is truncated after the first-order term: ln c52BMc10c 2 :::
where B is the second virial coefficient, M is the molecular weight of the macromolecule, and 0c 2 . . . refers to the truncated higher order virial coefficient terms.
Equation (4) becomes:
The factor 11k s c ð Þ represents the concentration dependence of the sedimentation coefficient, whereas the factor 1 1 2BMc ð Þ represents the contribution from thermodynamic nonideality.
For a three-component system (two macromolecular components plus solvent), the effect of one macromolecular component on another may be determined by monitoring the sedimentation of a trace quantity of a labeled component in a concentration series of unlabeled background component. The factors that represent the hydrodynamic nonideality and thermodynamic nonideality in Eq. (8) need to be expanded in order to account for both sedimenting species: 11k s;ii c i 1 P n j51;j6 ¼i k s;ij c j and
cross-term describing the interaction between the heterogeneous species is k s;ij , while k s;ii describes the self-interaction. Since the concentration of the labeled tracer species, I, is low (100 nM, $0.015 mg/ mL) compared to the unlabeled background species j (1-20 mg/mL), the k s;ii c i and 2B ii M i c i terms for the tracer component can be neglected. Therefore for n components Eqs. (3) and (8) become:
From Eq. (3), values of k s may be determined empirically from the slope of a plot of inverse weightaverage sedimentation coefficient, 1 sw , versus loading concentration. However, as noted above, s is not constant with radial position or time, resulting in some ambiguity as to how s w should be determined. A far better approach is to use recently developed features in the analysis program, SEDANAL, to fit sedimentation data from several experiments conducted at different loading concentrations of homogeneous (i.e., tracer i sedimenting in its unlabeled background) and heterogeneous (i.e., tracer i sedimenting in unlabeled j background) solutions to extract global values of k s,ii and k s,ij , respectively. The nonideal model constructed with the ModelEditor in SEDANAL includes a series of parameters described in Eq. (8) . These parameters can be constrained or "floated" in a fit. Furthermore, the parameters themselves may be linked to other parameters through assumptions about their relationships. For example, there may be relationships between the parameters describing the sedimentation of non-interacting monomer and dimers (s(2)51.4Ás (1)), or the weight concentration extinction coefficients may be assumed to be constant for homo-oligomers or aggregates (e(2) 5 e(1)).
Interpretation of k s based on non-interacting spheres
Typical magnitudes of k s for spheres are on the order of 10 mL/g or less, but are larger for asymmetric molecules. 32, 33 For compact and non-interacting spherical proteins, k s is between 4 and 9 mL/ g. 32, [34] [35] [36] A heuristic understanding of how to interpret k s with respect to particle-particle interactions relies on the understanding that sedimentation works on average density differences between adjacent volume elements, s / oq or . Values of k s >9 mL/g indicates that, on average, the density of elements is less than would be expected for non-interacting spheres. This situation is encountered where repulsion between molecules leads to a lower average concentration in a volume element or where molecular asymmetry leads to a greater entrained solvent volume, again leading to a lower average density in the volume element. 25 In contrast, values of k s <9 mL/g indicate that there are attractive interactions between molecules, leading to a higher average density in the volume element and, therefore, a larger s than anticipated for non-interacting spheres. The nature of the attractive interactions need not be specified-they could be discrete assemblies (e.g., monomer-dimer) or a consequence of preferential macromolecule-macromolecule solvation. The understanding that for IgGs k s > 9 mL/g indicates protein-protein repulsion or asymmetry, and that k s < 9 mL/g indicates protein-protein attraction is the foundation of our interpretation of k s,ii and k s,ij values.
Results
Characterization of human serum IgGs and mAb IgGs
The purified IgG samples were evaluated for their monomer content, isoelectric point (pI), and average charge (Z DHH valence). These analyses are important for the interpretation of the nonideality observed subsequently in experiments performed on high solute concentration solutions. SV-AUC analysis on the protein A purified IgGs from human serum shows that the corrected S 20,w -value for the major component (95%) of human poly IgGs is consistent with a monomeric IgG (Fig. S1 ). The quality of the mAb IgGs also were evaluated by SV-AUC and the monomer content was found to be >95% (data not shown).
In contrast to distinct pI peaks between $6 and $8.5 with mAb IgGs (Table I) , no distinct peaks were visible in the human poly IgGs. The isoelectric focusing (IEF) gel image reveals that human IgGs contain diverse charge variants comprising both acidic (<pH 4) and basic (>pH 9) ranges [ Fig. 1(A) ]. Consistent with this finding is the observation of a broad elution peak from cation exchange chromatography (CEX) obtained over a wide range of salt concentrations [ Fig. 1(B) ]. It should be noted that not all charge variants in the human IgG sample were captured by the CEX column, consistent with there being IgGs having pIs < 5. Nevertheless, the smeared IEF profile and wide CEX elution boundary are evidence for a high degree of charge heterogeneity in the human IgG sample.
The charge of the human poly IgGs was measured by membrane confined electrophoresis (MCE) in both pH 5 acetate and pH 7.4 PBS solution conditions. Experiments were conducted with the cathode at the cuvette bottom, i.e., looking for cationic protein boundaries, and with the anode at the cuvette bottom, i.e., looking for anionic protein boundaries. No boundary movement could be detected in pH 5 acetate in either field direction, indicating that the human IgGs exhibit a near-neutral charge in this buffer. In contrast, in PBS a boundary was observed that moved towards the anode, indicating that the human IgGs are negatively charged with an average Z DHH of 26.3 6 0.2 (Fig. S2 ). As shown in Table I , opposite charge signs are observed between pH 5 acetate (i.e., positive) and pH 7.4 PBS (i.e., negative) for mAb IgGs. While the charge magnitude is less for IgG4Pro than for IgG1 in pH 5 acetate, IgG4Pro is more negatively charged by $2-fold in Z DHH magnitude in the physiological relevantly pH 7.4 PBS solution.
The quality of each fluorescently labeled IgG was evaluated to ensure material quality after labeling. The molar ratio between the dye and each IgG is in the desired 1-3 range based on the ultraviolet (UV) measurements at the respective dye and protein absorption wavelengths. Each Alexa Fluor (AF) Figure 2 (A). Only a single boundary, moving at a rate consistent with IgG sedimentation, is observed, indicating the AF488 label remains attached to the IgG over the course of the experiment. Figure 2(B) shows an example of the quality of data fit to a two-component model in SEDANAL with the results summarized in Table II . The S 20,w values are consistent with IgG monomer being the predominant species. Overall, the AF488 labeled IgG mAbs and human IgGs are comparable in shape and size, as expected.
k s,ii determination from sedimentation velocity
The sedimentation profiles of AF488 labeled human IgG as a function of various background loading concentrations is shown in Figure 3 (A). With increasing concentration from 1 to 20 mg/mL, the sedimentation boundary moves slower and sharpens as the hydrodynamic nonideality starts to dominate the process. To obtain the self-nonideality k s,ii term, a two component (non-interacting monomer and v suggest that its value decreases with increasing concentration, though not by a great amount. 37 ). The thermodynamic nonideality term, BM, was constrained using the measured B (1 3 10 25 mL-mol/g 2 ) and M (144,000 g/mol) values from the NIST mAb. 38 In addition to k s , the meniscus position and the loading concentrations (c expected ) of the two components were allowed to float during the fitting process. In all cases, c fit /c expected 5 1.0 6 0.1, with one exception where c fit /c expected 5 0.8. The resulting SEDANAL fitting analysis is shown in Figure 3 (B). An overlay of the data with the model fit indicates that the concentration dependence of sedimentation fit well to the chosen two component nonideal model for all the concentrations.
To assess the reproducibility of the data and the robustness of the fitted k s,ii value, separate experiments were conducted using five fresh samples of human IgG tracer in increasing concentration of unlabeled human poly IgG. Identical sample preparations, experimental conditions, and data analysis procedures were applied. The fitted k s,ii values (in mL/g unit) are 5.1, 4.8, 4.6, 5.1, and 5.2, yielding an average of 5.0 6 0.3. Furthermore, the goodness-offit and the confidence limits of fitted parameters were determined by a "bootstrap with replacement" analysis with 10 bootstrap fitting operations. 31 The results show identical k s,ii values between the bootstrap fits, indicating that the model adequately explains the data, and that the global analysis represents the data satisfactorily (Table SI) . Fig.  3(A) ], a gradual decrease in apparent sedimentation coefficient, s*, with increasing background concentration is observed for all mixtures. However, the magnitude of the reduction in s* differs for different backgrounds. An example is shown in Figure 4 for the mAb 1 IgG1 tracer sedimented in different backgrounds at 1 mg/mL (panel A) or at 20 mg/mL (panel B). While s* is indistinguishable in the different backgrounds at 1 mg/mL, at 20 mg/mL distinct differences in the decrease s* are apparent. Keeping in mind that greater attraction between proteins leads to smaller decreases in s*, the s* shifts seen in Figure 4 (B) suggest that there are stronger attractions between mAb1 IgG1 and human IgG than for either IgG1 or IgG4Pro, which exhibits the weakest attraction. These qualitative observations are quantified by fitted determinations of both the self-k s,ii and cross-k s,ij nonideality terms using SEDANAL.
The same nonideal model, macromolecular parameters, and procedure for fitting k s,ii described The full set of the self-and cross-nonideality terms derived from these global analyses is summarized in Table IV . The data shows that the measured k s values range from as low as 3.2 (greatest attraction) to as high as 9.1 (no attraction). It appears that the V region impacts the strength of the attraction. Comparison of the self (k s,ii ) values for the three mAb V-regions reveals that mAb 2 exhibits the strongest self-attraction (k s,11 5 5.2 and k s,22 5 5.6), followed by mAb 3 (k s,11 5 6.4 and k s,22 5 8.3), while mAb 1 has the weakest attraction (k s,11 5 7.0 and k s,22 5 9.1) for both IgG1 and IgG4Pro subclasses. In addition, the observation that the self-nonideality term is lower for IgG1 than for IgG4Pro suggests that the IgG1 C region may have stronger endogenous self-associative traits than IgG4Pro.
Comparison of the cross-nonideality terms within the 3 3 3 matrix for each mAb group also reveals variations in the k s,ij values, suggesting that the magnitude of weak associative interactions is pairwise specific. Notably, the k s,ij values for the human IgG background are not only $2-fold less than the minimum nonideality value of 9 mL/gm (Section 2.3), but also are lower compared to those of identical or similar backgrounds within each mAb group, suggesting that human IgG exhibits stronger interaction with the mAb IgGs than mAb IgGs exert upon themselves. Since the human IgG's magnitude of self-association (k s,33 5 5.1) is comparable to that of its cross-association for mAb IgGs (average k s,13/ 23 5 4.7 6 0.7), but at a lower strength compared to the self-association of each of the IgG1 and IgG4Pro subclasses in both mAb 1 and mAb 3, it appears that the observed increased associative interaction is due to human IgG having the greatest endogenous self-association attribute.
It is noteworthy that although both IgG1 and IgG4Pro subclasses in mAb 2 exhibit identical magnitudes of endogenous self-association as human IgG, human IgG nonetheless exerts even stronger associative interaction upon both subclasses (k s,13 5 3.2 and k s,23 5 4.4). Conversely, the associative effect that human IgG exerts on mAb IgGs is not reciprocal. When mAb IgGs are in excess in the background, the cross terms are either comparable to the minimum nonideality value (k s,32 5 8.6 in mAb 3) or to the selfassociation of the mAb IgG (k s,31 5 7.3 in mAb 1). Together, these observations serve as evidence that the enhancement of weak attractive interactions between IgG molecules is caused by human IgG's natural ability to self-associate, resulting in masking of the cross-term nonideality. The results also suggest that the weak attractions are promiscuous.
Comparison of the pairwise interactions between IgG1 and IgG4Pro reveals that the nonideality effects are different across the mAb groups. In mAb 1, the cross terms are not only symmetric (k s,12 5 8.0 and k s,21 5 8.4) but also are comparable to the 9.0 mL/g minimum for non-interacting spheres (above), suggesting that any attraction is very weak. Similarly, the cross terms are symmetric in mAb 2 (k s,12 5 5.3 and k s,21 5 5.5) suggest stronger, reciprocal, attraction between them. On the other hand, k s,ij for mAb 3 IgG1 and IgG4Pro are not equal (k s,12 5 7.5 and k s,21 5 6.0), suggesting that there is a stronger attraction when IgG1 is the background. Since IgG1 has stronger endogenous self-association (i.e., lower k s,ii ) than IgG4Pro, it suggests that IgG1 exerts stronger associative effect on IgG4Pro than IgG4Pro does upon itself.
Modulation of k s by salt concentration and temperature
IgG4Pro Z DHH is $2-fold more negatively charged than IgG1 in pH 7.4 PBS, 150 mM NaCl (Table I) . Together with the findings that the pairwise interaction is weaker (i.e., higher k s,ij ) in the IgG4Pro background than in the IgG1 background in mAb 3, it might be postulated that the higher Z DHH valence is the primary reason for the attenuation of the attractive intermolecular interaction observed in IgG4Pro.
To test this hypothesis, the ionic strength of the PBS buffer was increased with the addition of 500 mM NaCl to further screen the electrostatic interactions. If attractive electrostatic interactions (e.g., charge-dipole, dipole-dipole) are significant contributors to the differences in k s,ij , increasing the ionic strength will weaken them and k s,ij will increase. Conversely, increased salt will decrease k s,ij if repulsive electrostatic interactions (chargecharge) interactions are significant. Determining the impact of higher salt, then, may help elucidate the contribution of electrostatics to the interactions. Using mAb 3 and human IgG as examples, the results summarized in Table V show increases in both the k s,ii and k s,ij values with increased NaCl, indicating a reduction in the strength of attractive intermolecular electrostatics are more important than charge-charge repulsion. In support of this interpretation, despite the large valence difference between IgG1 and IgG4Pro in mAb 2 (Z DHH 5 0 for IgG1 and Z DHH 5 29.6 for IgG4Pro), the self and cross terms are indistinguishable (see Table IV ). Based on the charge differences, differences in k s would have been anticipated for these two subclasses if repulsive electrostatics were significant.
In order to test whether the weak interactions between mAb IgGs are enthalpically or entropically controlled, values of k s,ij were determined for a subset of IgGs at two or three (human IgG) temperatures. The temperature dependence of k s,ij from each of the mAb or human IgG tracer molecules sedimenting in human IgG is shown in Table VI . The consistently higher k s,ij (i.e., attractive interaction weakening) with increasing temperature is consistent with k s being predominantly enthalpic in origin, and consistent with attractive electrostatic interactions being important.
Discussion
AU-FDS allows the characterization of interactions between identical, similar, or different IgG molecules through the determination of the hydrodynamic nonideality, k s , in physiologically relevant solvents.
There are three observations that stand out from the results. (1) Even though the human IgG pIs ranged from 4 to 10, the valence (Z DHH ) for all IgGs fell into a remarkably narrow range near 26.3. These data demonstrate that protein charge must be measured and cannot be estimated from the pI. The narrow valence range suggests that IgG charge is buffered by ion binding concomitant with H 1 uptake and release. Gokarn, et al. showed that hen egg white lysozyme binds anions preferentially, which may provide a mechanism for charge buffering. 39 Such buffering may be physiologically relevant in keeping antibody charge within a narrow range over varied conditions (e.g., in secretions or at wound sites). (2) Values of k s (Table IV) are less than expected for non-interacting spheres. The results using six different IgG mAbs are consistent with there being weak attractive interactions between all IgGs, including human poly-IgG. Values of k s differ for different IgGs, and both the V and C regions seem to contribute to the differences. Notably, IgG4 generally shows weaker attractive interactions than IgG1, which is consistent with IgG 4's weaker C1q binding/complement activation. 40 The weak attraction between IgGs appears to be indiscriminate. All mAb mixtures exhibited weak attractive interactions 42 while avoiding the formation of IgG oligomers and aggregates in serum. Complement activation must be a go/no-go decision, not a maybe-so/maybenot decision, which could be damaging to the host by depletion of C1q, while resulting simultaneously in an ineffective response to the antigen. Likewise, the indiscriminate nature of the weak attractions may be immunologically important for an effective host response: by having a poly-IgG response, the hexamer can be formed using IgGs that are directed against different epitopes. That is, the hexamer formation does not require there be an "epitope template" consisting of a precisely arrayed single epitope type. Rather, the indiscriminate weak attraction permits any set of epitopes that are arranged properly to allow hexamer formation. Human adult serum contains high concentrations of serum albumin ($30-40 mg/mL) in addition to IgGs ($10-15 mg/mL) that might impact these results. However, work by Wright et al., using different mAb tracers in mixtures that include albumin show weak IgG:IgG interactions that are consistent with these findings. 43 
Materials and Methods
Materials
The 6 mAb IgGs differing in variable regions each constructed in IgG1 and IgG4Pro (IgG4 with S!P mutation in the hinge region) isotypes were provided by Boehringer Ingelheim. Human male AB plasma serum was purchased from Sigma-Aldrich (cat# H4522) and purified with the € AKTA affinity chromatography system and MabSelect Sure resin ( (Thermo Fischer Scientific, cat# 66380) for the analytical ultracentrifugation experiments. The chemical reagents were analytical grade or better. Water used in the experiments was deionized by a Milli-Q Plus filtration system (Millipore).
Antibody labeling
Each antibody was diluted to 2 mg/mL in PBS, and 50 mL of 1 M sodium bicarbonate was added to the solution. The prepared antibody solution was transferred to a vial of reactive dye (Alexa Fluor 488 carboxylic acid, tetrafluorophenyl ester) and incubated for 1 h at room temperature under mild agitation. The labeled antibody was purified by size exclusion chromatograph (SEC) using BioGel P-30 purification resins (Bio-Rad Laboratories) following protocols provided in the kit. The antibody and free dye bands were detected by illumination with a handheld UV lamp. The concentration of the purified labeled antibody was determined in a SoloVPE UV-Vis spectrophotometer (C Technologies). The UV spectrum was acquired in a 10-mm pathlength quartz cell between 200 and 600 nm. The labeled antibody concentration and the degree of labeling were calculated using the follow equations:
protein concentration M ð Þ 
Cation exchange chromatography
The purified IgG sample from human serum was loaded at 10 mL/min onto a Poros 50 HS 11 mL column that was pre-equilibrated with 10 column volumes of 50 mM sodium acetate (pH 5.0) using an € AKTA Avant system (GE Healthcare). Following a wash with 10 column volumes of the same buffer, a salt gradient of 0-0.4 M NaCl was applied at 4 mL/ min to elute the bound IgGs from the column. The purification protocol and the sample elution profile with respect to UV and conductance were monitored using the UNICORN system control software.
Imaged capillary isoelectric focusing
The isoelectric point (pI) of the mAb IgGs was determined on an iCE3 system (Protein Simple). The pH gradient across a fluorocarbon coated capillary was created by an ampholyte mixture consisted of 44% (v/v) of 1% methylcellulose, 1.25% (v/v) of pharmalyte 3-10 solution, 3.75% (v/v) mL of pharmalyte 5-8 solution, 1.25% (v/v) of servalyte 9-11 solution, 0.63% (v/v) of pI marker pH 6.14, 0.63% (v/v) of pI marker pH 8.79, 6.3% (v/v) of 200 mM iminodiacetic acid, and 43% (v/v) of water. Each antibody was prepared at 1 mg/mL in deionized water, and 40 mL of the solution was mixed with 160 mL of ampholyte mixture and centrifuged for 5 min. The experiment was run by introducing a potential of 1500 volts for 1 min, followed by a potential of 3000 volts for 20 min. For samples containing highly basic species, 0.63% (v/v) of pI markers pH 7.55 and 0.63% (v/v) of pI marker pH 9.77 were added instead, as well as a shorter focus period of 10 min at 3000 volts was used. The separation was monitored at 280 nm. The obtained data were first reviewed in the iCE CFR software to calibrate the pI values and to select the markers. The data files were then exported to Empower for further analysis using the cIEF processing method.
Gel electrophoresis and staining
The pI and charge heterogeneity of human IgGs from serum was determined on a PhastSystem electrophoresis equipment with PhastGel Dry IEF gels (GE Healthcare). The gels were first rehydrated for 1 hr in 1 mL of rehydration solution consisted of 0.9 g urea, 12% (v/v) of glycerol, 10% (v/v) of 20% CHAPS, 3.8% (v/v) of pharmalyte 8-10.5, 3% (v/v) of servalyte 7-9, 0.7% (v/v) of servalyte 3-10, and 70.5% (v/v) of water. After the preparation of the sample at 0.1 mg/mL in 2% CHAPS, 150 ng was loaded onto the gel. The experiment was run using the Dry IEF 3M Urea (550 Vh) method based on the manufacture's recommendations. The gels were developed using silver staining and were allowed to dry overnight before imaging.
Membrane confined electrophoresis
The valence of the IgGs was measured in a MCE instrument (Spin Analytical). In each experiment, 20 mL of sample prepared at 1 mg/mL was loaded into a 2 3 2 3 4 mm 3 quartz cuvette whose ends were sealed with semipermeable membranes with a molecular weight cut-off of 3000 Dalton (Spectra/Por Biotech grade). After placing separate buffer chambers on each end of the membrane to supply a continuous flow of fresh buffer throughout the sample compartment, an electric field was applied (4.3 V/cm for mAb IgG and 19.8 V/cm for human IgGs) longitudinally across the cell. The applied electric field is a function of the applied current, conductivity of the buffer (16.8 mS for PBS), and the cross-sectional area of the cuvette. As the charged molecule moved from one end of the cuvette to the other, the intensity of the moving boundary was measured at 280 nm as a function of distance across the cuvette at 10-20 s time point intervals. The collected data were analyzed in the software supplied by Spin Analytical using the following equations:
where l is the electrophoretic mobility, D is the diffusion coefficient, e is the elementary charge, k B is Boltzmann's constant, T is the temperature, OE is the inverse Debye length, a is the sum of the Stokes radii of the macromolecule and its counterion. The Z eff is the apparent or reduced charge due to counterion shielding and electrophoretic effects from the Debye-H€ uckel-Henry cloud. The Z DHH represents the valence of the molecule after adjusting from these solvent effects.
Sedimentation velocity analytical ultracentrifugation
Experiments were performed in an Optima XL-I analytical ultracentrifuge (Beckman Coulter) equipped with fluorescence optics (Aviv Biomedical). Each AF488-labeled tracer antibody was prepared at 100 nM in either self-or non-self IgG backgrounds of increasing concentrations (1, 2.5, 5, 10, and 20 mg/mL). All background samples were dialyzed exhaustively against PBS buffer prior to the addition of the tracer antibody. Samples were loaded into both the sample and reference chamber of the AUC cell assembled with standard double-sector centerpieces and quartz windows. The experiments were conducted at 10 and 208C using an An60Ti 8-hole rotor spinning at 40,000 rpm. Data were acquired at 20-mm radial increments and averaging five resolutions/scan. The collected sedimentation boundary data from FDS were analyzed using a two component nonideality model in SEDANAL (version 6.6.1). 26 Global fits to multiple concentration datasets were performed to obtain the hydrodynamic nonideality parameter k s .
